Liver-specific phosphoenolpyruvate carboxykinase (PEPCK) null mice, when fasted, maintain normal whole body glucose kinetics but develop dramatic hepatic steatosis. To identify the abnormalities of hepatic energy generation that lead to steatosis during fasting, we studied metabolic fluxes in livers lacking hepatic cytosolic PEPCK by NMR using 2 H and 13 C tracers. After a 4-h fast, glucose production from glycogenolysis and conversion of glycerol to glucose remains normal, whereas gluconeogenesis from tricarboxylic acid (TCA) cycle intermediates was nearly absent. Upon an extended 24-h fast, livers that lack PEPCK exhibit both 2-fold lower glucose production and oxygen consumption, compared with the controls, with all glucose production being derived only from glycerol. The mitochondrial reductionoxidation (red-ox) state, as indicated by the NADH/ NAD ؉ ratio, is 5-fold higher, and hepatic TCA cycle intermediate concentrations are dramatically increased in the PEPCK null livers. Consistent with this, flux through the TCA cycle and pyruvate cycling pathways is 10-and 40-fold lower, respectively. Disruption of hepatic cataplerosis due to loss of PEPCK leads to the accumulation of TCA cycle intermediates and a nearly complete blockage of gluconeogenesis from amino acids and lactate (an energy demanding process) but intact gluconeogenesis from glycerol (which contributes to net NADH production). Inhibition of the TCA cycle and fatty acid oxidation due to increased TCA cycle intermediate concentrations and reduced mitochondrial red-ox state lead to the development of steatosis.
Hepatic phosphoenolpyruvate carboxykinase (PEPCK) 1 is a major control point for gluconeogenesis (1) . Excess PEPCK expression in mice causes hyperglycemia (2) , hyperinsulinemia, and increased glucose turnover (3) . Inhibition of PEPCK by pharmaceutical interventions causes hypoglycemia (4) and, as expected, the global ablation of the cytosolic isoform of PEPCK in mice by genetic manipulation results in nonviable offspring (5) . Most surprisingly, the liver-specific deletion of cytosolic PEPCK yielded a phenotype that, except during fasting and exercise, was virtually indistinguishable from control mice (5, 6) . Even after a 24-h fast, when liver glycogen is depleted and flux through liver PEPCK should be essential to maintain plasma glucose, these animals are euglycemic and glucose turnover is normal. By using NMR spectroscopy and stable isotope tracers, we demonstrated that approximately ϳ60% of whole body glucose production in liver-specific PEPCK knock-out animals is derived from lactate and alanine (6) . This suggests that either an alternative route to glucose production that bypasses PEPCK in these livers exists or that the majority of whole body gluconeogenesis is extrahepatic (6) . In marked contrast to the minimal impact that the absence of hepatic PEPCK has on systemic glucose kinetics, these mice develop dramatic hepatic steatosis after fasting (6) even though enzymes of the TCA cycle and ␤-oxidation are up-regulated (5) in liver tissue. This observation suggests that cataplerosis from the TCA cycle is tightly linked to oxidation of substrate in the TCA cycle (7) .
The purpose of the present work was to clarify the means by which PEPCK null livers contribute to glucose production and to determine how diminished PEPCK activity affects hepatic energy homeostasis. Although the lipid accumulation must be due to an imbalance of fatty acid uptake, ␤-oxidation (8, 9), lipogenesis (10) , or lipoprotein export (11), we sought to determine exactly how these processes are disturbed. Ideally, such investigations would be done in vivo, but such studies are complicated by the fact that other organs are known to contribute to gluconeogenesis in these animals (6) . Thus, an isolated perfused liver preparation was chosen for these experiments to remove the influence of other organs and neurohumoral signals from liver function. As previous results (5) indicated a dramatic difference in metabolism depending on nutritional state, we chose to compare metabolism in livers from mice after a 24-h fast versus a short term 4-h fast.
Here we used NMR and a combination of 2 H and 13 C tracers, isotopomer analysis, and metabolite assays to investigate the various pathways summarized in Fig. 1 . The data provide evidence for near complete impairment of gluconeogenesis from TCA cycle cataplerosis, a reduced mitochondrial red-ox state, build-up of certain TCA cycle intermediates, and a dramatic inhibition of TCA cycle activity in the liver of PEPCK null mice.
MATERIALS AND METHODS

Chemicals-[U-
13 C 3 ]Propionate (99%) and 2 H 2 O (99%) were purchased from Cambridge Isotopes (Andover, MA). DSC-18 solid phase extraction gel and other common chemicals were purchased from Sigma unless otherwise noted.
Animals-Liver-specific PEPCK knock-out mice, pck lox/lox /AlbCre (PEPCK null), and littermate controls, pck lox/lox (control), were generated as described previously (5). 3-5-Month-old mice weighing 25-30 g were maintained on standard laboratory chow. Prior to removal of livers for perfusion, animals were either fasted for 24 h (long term or LT fasted ) or fasted for 12 h, fed a liquid diet of Ensure TM for 2 h, followed by a 4-h fast (short term or ST fasted ). Mice were fed in this manner to synchronize nutritional status by ensuring a 2-h feeding period, followed by a standard fast. The liquid diet also minimizes residual stomach contents. 2 Liver Perfusion Experiments-All protocols were approved by the Institutional Animal Care and Use Committee. Animals were anesthetized by intramuscular injection of ketamine (Ketaset, Aveco, Fort Dodge, IA), and the livers were isolated and perfused as described previously (12) , but with some modifications. Briefly, a mid-line laparotomy was performed to expose the liver and portal circulatory system. The portal vein was cannulated, and heparin (50 IU) was injected into the portal vein to prevent the formation of blood clots. The hepatic vein and inferior vena cava were dissected, and the perfusate flow through the portal vein was started simultaneously with a peristaltic pump at 8 ml/min. The liver was carefully removed from the carcass and suspended in a container of effluent perfusate, which was not re-circulated but constantly siphoned off and stored on ice for the duration of the experiment. The perfusate was composed of Krebs-Henseleit bicarbonate buffer containing 1.5 mM lactate, 0.15 mM pyruvate, 0.25 mM glycerol, 0.2 mM octanoate, 0.5 mM [U- 13 C 3 ] propionate, and 3% v/v D 2 O. The livers were perfused for 60 min providing a total of 480 ml of perfusate. For a few livers, perfusions were continued for 2 h to confirm that isotopic steady state had been reached. After perfusion, livers were freeze-clamped using aluminum tongs cooled to Ϫ80°C and stored in a Ϫ80°C freezer until use.
Fractions of perfusate were collected every 15 min for the assay of glucose production and oxygen consumption. pO 2 was determined on afferent and efferent perfusate by using a blood gas analyzer (Instrumentation Laboratory, Lexington, MA), and oxygen consumption was calculated as detailed previously (13) . Glucose was assayed by enzymecoupled reactions (14) .
Sample Preparation-After completion of the experiment, the perfusate was frozen until it was worked up completely. The perfusate was evaporated under vacuum at 50°C. The resulting material was resuspended in 10 ml of 90:10 methanol/water and stirred for 10 min. The solution was decanted, and the step was repeated three times with all fractions combined and dried by evaporation under vacuum. The resulting partially de-salted material was dissolved in a minimum volume of water (about 5 ml) and passed through a column containing 20 ml of Amberlite IRA-67 anion exchange and 20 ml of Dowex 50W-X8-200 cation exchange resins (prepared as described in the product literature) in series. The glucose was removed with 60 ml of water; the pH was adjusted to 6 -7, and the sample was lyophilized and stored until further workup. Amino acids were isolated from some perfusate samples (15) to investigate alternative carbon disposal by the livers.
NMR Analysis-Purified glucose was converted to the 1,2-isopropylidene glucofuranose derivative (monoacetone glucose (MAG)) as described previously (16, 17) . The MAG samples were dissolved in 160 l of high pressure liquid chromatography grade acetonitrile with 5-10 l of water and transferred to a 3-mm NMR tube. Deuterium NMR spectra of MAG were collected using a 14.1-tesla Varian INOVA spectrometer and 3-mm broadband probe, tuned to 92-MHz as described previously (17, 18) . A 90°pulse was applied, and the signal was acquired over 1 s (sweep width ϭ 1000 Hz) with no further delay.
2 H NMR spectra were typically signal-averaged for 4 h at 50°C. 40 l of deuterated acetonitrile was added to the NMR sample for locking purposes, and 13 C NMR spectra of MAG were collected as described previously (17) on the same spectrometer and probe tuned to 150-MHz. A 50°pulse, acquisition time of 1.5 s, and no further delay times were found to give the highest sensitivity for the MAG carbons (19) . 13 C NMR spectra of PCA extracts of the liver were recorded using a 45°pulse, 1.5-s acquisition time, and 1.5-s delay. Broad band 1 H decoupling was accomplished using the standard WALTZ-16 technique.
2 H and 13 C spectra were analyzed using the curve-fitting routine supplied with NUTS PC-based NMR spectral analysis program (Acorn NMR Inc., Freemont, CA).
Metabolic Profile-During the deuterated water experiment, the hydrogens attached to the carbon backbone of newly released glucose become enriched with 2 H at specific locations that depend upon the synthetic pathway (Fig. 1) . 2 H enrichment of MAG positions H2, H5, and H6 S (as evaluated by 2 H NMR) were used to determine the origin of glucose. The 1-H2/H5 ratio, has been shown to represent the fraction of glucose originating from glycogenolysis (20, 21) . Additionally, enrichment at the H6 S (H6 S /H2) position reflects gluconeogenesis from carbon units originating from the TCA cycle (oxaloacetate pool) (22, 23) . The difference in the H5 and H6 S enrichment ([H5-H6]/H2) reflects gluconeogenesis from substrates feeding the gluconeogenic pathway above the TCA cycle (presumably glycerol) (17, 19) .
Pathways intersecting the TCA cycle were evaluated by 13 C isotopomer analysis of glucose (i.e. MAG) or glutamate (24) . The 13 C NMR multiplets in glucose or glutamate generated by the tracer [U- 13 C 3 ]propionate were evaluated to determine flux (relative to TCA cycle flux) through anaplerosis/cataplerosis and pyruvate cycling (Fig.  1 production to determine TCA cycle flux (i.e. citrate synthase activity) as described previously (17, 19) .
Liver Tissue Analysis-Frozen liver samples were pulverized to a fine powder in a mortar and pestle cooled with liquid N 2 . The powder was agitated in 5 ml of ice cold 3% PCA in a 20-ml centrifuge tube. The suspension was centrifuged at 13,000 ϫ g for 10 min at 4°C. The liquid was decanted, and the plug was rinsed with a small volume of PCA that was combined with the decanted portion. The extract was neutralized to pH 7 with KOH, centrifuged at 13,000 ϫ g for 10 min, decanted, and then lyophilized.
The extract was dissolved in 600 l of 2 H 2 O for 13 C NMR isotopomer analysis of liver glutamate (24) . The spectra of the control and null livers were also used to qualitatively observe the pool sizes of various metabolites that become 13 C-enriched as a consequence of [U- 13 C 3 ]propionate metabolism. About 100 mg of the liver tissue was saved for determination of mitochondrial red-ox state by analysis of the red-ox pair acetoacetate (ACAC) and ␤-hydroxybutyrate (BHB) (25) . The tissue was extracted, as above, with 600 l of 3% PCA. After centrifugation, the extract was neutralized with 80 l of concentrated KH 2 PO 4 . The samples were kept on ice, and ACAC and BHB were immediately evaluated by 1 H NMR (26) . 400 l of the extract was transferred to a 5-mm NMR tube, and an additional 100 l of a 0.5 mM sodium 2,2-dimethyl-2-silapentane-5-sulfonate standard in 99% 2 H 2 O was added. 1024 transients were collected with a 90°pulse width and 3-s acquisition time. Concentrations were determined with external standards of BHB referenced to the same internal 2,2-dimethyl-2-silapentane-5-sulfonate standard. With the sodium 2,2-dimethyl-2-silapentane-5-sulfonate resonance set to 0 ppm, the methyl resonances of BHB and ACAC had chemical shifts of 1.20 and 2.27 ppm, respectively. The limit of detection for this technique was about 4 M. The NAD ϩ /NADH ratio was determined by assuming an equilibrium constant of 4.93 ϫ 10 Ϫ2 for the ␤-hydroxybutyrate dehydrogenase reaction (25) .
Statistical Methods-All data are reported as the average Ϯ S.D. Statistical analysis of the data was performed using the two-tailed Student's t test, assuming unequal variances. p values of less than 0.05 were considered significant.
RESULTS
A major advantage of using an isolated perfused mouse liver preparation is that tissue oxygen consumption and glucose production can be directly monitored as often as necessary. In experiments described below, oxygen consumption and glucose output were monitored every 15 min. The first 15-min perfusion period yielded sporadic values for oxygen consumption and glucose output, but the last 3 periods provided consistent results. Thus, glucose production and oxygen consumption from the last 3 periods (totaling 45 min) were averaged for each liver. Oxygen consumption (Fig. 2 ) was lower in livers from PEPCK null mice compared with littermate controls under both ST fasted (controlled short term fast, see "Materials and Methods") and LT fasted (long term fast, see "Materials and Methods") conditions (p Ͻ 0.02, p Ͻ 0.03 respectively). Oxygen consumption was also lower in ST fasted versus LT fasted livers from both null and control animals.
Glucose Production-Glucose production was twice as high in control livers versus PEPCK null livers in LT fasted conditions and also tended to be higher in the ST fasted condition (Fig. 3) . In general, livers from ST fasted mice had higher glucose output than livers from LT fasted mice regardless of genotype. Glucose production may have contributions from glycogen stores (i.e. glycogenolysis) or from gluconeogenesis. The carbon supply for gluconeogenesis can be provided from substrates such as glycerol that feed directly into the triose pool (GNG glycerol ) or from substrates such as lactate, pyruvate, or amino acids that must undergo anaplerosis via pyruvate carboxylase to oxaloacetate (OAA) followed by cataplerosis via PEPCK to phosphoenolpyruvate (PEP) as the first steps of glucose synthesis (GNG PEP ). The sources of glucose in this study were elucidated by using the deuterated water method (17, 18, 20, 23, 27) . This technique most often uses mass spectrometry as the analytical tool but has been shown to work equally well when monitored by 2 H NMR (18) . Fig. 4 shows examples of 2 H NMR spectra of MAG derived from glucose generated by livers of control and PEPCK null mice. The spectrum of MAG from the PEPCK null liver is clearly lacking substantial 2 H in the H6 positions compared with the control. Because chemical exchange at the H6 R and H6 S occur at the level of alanine aminotransferase and fumarase, respectively (23), the low enrichment at these sites reflect severely limited gluconeogenesis supplied by cataplerotic flux from the TCA cycle. This is in agreement with the expected phenotype of a liver lacking PEPCK. These 2 H NMR data were used to determine the contribution of PEP (formed from lactate or amino acids) to glucose production (i.e. GNG PEP ). GNG PEP was lower by 11-fold in PEPCK null livers compared with controls under ST fasted conditions (Fig. 3A ) and 18-fold under LT fasted (Fig. 3B) conditions.
Although gluconeogenesis due to cataplerosis from the TCA cycle is insignificant in PEPCK null livers, gluconeogenesis from glycerol (GNG glycerol ) was maintained. Under ST fasted conditions, GNG glycerol was significantly higher in control livers (0.61 mol/min/g) than in null livers (0.31 mol/min/g) (Fig.  3A) . There was no significant difference in GNG glycerol under LT fasted conditions between control livers (0.54 mol/min/g) and PEPCK null livers (0.37 mol/min/g) (Fig. 3B) . Whereas GNG glycerol is less or equal in PEPCK null livers compared with controls, this source represented 92% of the glucose produced in the null liver compared with only 53% in the control livers. This result is in agreement with our earlier observation that the PEPCK null liver maintains its capacity to make glucose from glycerol (6) .
Glycogenolysis was low in livers of both PEPCK null and control mice in the LT fasted state (Fig. 3B) . In contrast, PEPCK null and control livers showed substantial and equal rates of glycogenolysis, 0.69 and 0.73 mol/min/g, respectively, under ST fasted conditions (Fig. 3A) . Whereas absolute glycogenolysis was about the same in null and control livers, glycogen contributed a larger percentage of the glucose produced by null livers (68%) than control livers (49%) in the ST fasted state.
TCA Cycle Associated Pathways-Gluconeogenesis is intimately linked to the TCA cycle by both energy demand and substrate supply. To evaluate potential differences in TCA cycle fluxes, [U- 13 C 3 ] propionate was used as a vehicle to deliver a 13 C tracer into the TCA cycle via succinyl-CoA (28) . The result is formation of multiple positional isomers of labeled intermediates commonly referred to as 13 C isotopomers. The population of groups of 13 C isotopomers is reflected by multiplets due to spin-spin coupling between adjacent 13 C nuclei (24) in all metabolites associated with the TCA cycle, and the relative areas of these multiplets is determined by the activity of pathways that intersect in the TCA cycle (e.g. citrate synthase, anaplerosis/cataplerosis, pyruvate cycling, and gluconeogenesis) (24) . The combined information reported by the 2 H and 13 C NMR spectra plus absolute glucose production rates may then be used to determine absolute flux through PEPCK, pyruvate cycling (OAA 3 PEP 3 pyruvate 3 OAA or malate 3 pyruvate 3 OAA) and the TCA cycle (17, 19) .
Fluxes Relative to TCA Cycle Turnover-13 C NMR spectra of MAG from effluent glucose synthesized by control and PEPCK null livers are shown in Fig. 5A . The C2 resonance of MAG from control livers showed multiplets typical of cataplerosis of TCA cycle intermediates into glucose. In contrast, the 13 C spectrum of MAG derived from PEPCK null livers was almost devoid of multiplets, consistent with a lack of gluconeogenesis from TCA cycle intermediates. The low levels of multiplets in the C2 resonance of MAG from PEPCK null livers precluded a determination of anaplerotic/cataplerotic, gluconeogenic, and pyruvate cycling fluxes in the usual way (24) . However, given that glucose and glutamate share the common TCA cycle intermediate, OAA, we turned our attention to analysis of the multiplets in the C2 resonance of liver glutamate (17, 24) . This requires the assumption that a loss of cytosolic PEPCK activity has no impact on exchange of carbons between oxaloacetate and glutamate. The C2 resonances from the 13 C NMR spectra of glutamate isolated from control and PEPCK null livers are also given in Fig. 5A . As anticipated, the C2 resonances of glutamate and glucose from control livers were similar in appearance, and an isotopomer analysis of each resonance gave identical measures of anaplerosis, gluconeogenesis, and pyruvate cycling flux (Fig. 6) . This same analysis when applied to the C2 resonance of glutamate from PEPCK null livers indicated that anaplerosis and cataplerosis (relative to TCA cycle flux) were reduced by 3-fold and that pyruvate cycling flux (relative to TCA cycle flux) was suppressed ϳ10-fold in livers from LT fast animals (Fig. 6 ). Pyruvate cycling flux was reduced less (ϳ4-fold) in livers after a ST fast (not shown).
By definition, anaplerosis must equal cataplerosis, whereas the difference between cataplerosis and pyruvate cycling is net output (Fig. 1) . This output is normally assumed equal to gluconeogenesis because flux through PEPCK is considered the overwhelming site of cataplerosis in the liver (24) . However, this is not true in PEPCK null mice, so output in this case could reflect some intermediate associated with the TCA cycle other than PEP. Fig. 5B shows the 13 C NMR spectra of extracts of the control and PEPCK null livers. A comparison of the two spectra shows a dramatic increase in TCA cycle intermediate concentrations in PEPCK null livers compared with controls. The most dramatic increases are in malate, aspartate, glutamate, and fumarate, but citrate and succinate also appear to have increased (these changes were not quantitated). As summarized in Fig. 6 , the glutamate isotopomer analysis reported that total cataplerosis (relative to TCA cycle flux) was lower by ϳ66% in livers from PEPCK null livers compared with controls. The residual cataplerosis of ϳ33% may be surprising given that GNG PEP is almost zero. The liver may also export amino acids (29) , so effluent perfusate was fractionated into amino acids, organic acids, and neutral molecules by ion exchange chromatography to determine whether the increased tissue concentration of some intermediates might lead to increased export in the perfusate. 13 C NMR and coupled enzymatic assay analysis of those fractions showed that 13 C-labeled glutamine was exported nearly equally in PEPCK null and control LT fasted livers (6.7 and 9.0 nmol/min/g, respectively). Other labeled metabo- Fig. 4 ) and glucose assay of effluent perfusate. Glycogenolysis (Gly) represents flux from glycogen to glucose. GNG glycerol represents flux from glycerol to glucose. GNG PEP represents flux from PEP (i.e. cataplerosis of TCA cycle intermediates via PEPCK) to glucose. As expected, GNG PEP is almost completely suppressed in the PEPCK null livers under both nutritional states. GNG glycerol did not supplement gluconeogenic capacity in the PEPCK null liver, and total glucose production was lower in the PEPCK null liver after the long term fast. Data are reported as the mean Ϯ S.D. for n ϭ 4 -5 livers.
lites were observed but in much lower concentrations. Thus, the combined export of molecules other than glucose cannot account for the cataplerotic flux ratio reported by the 13 C NMR spectrum of glutamate from PEPCK null livers, because we would expect an efflux about 0.13 mol/min/g (33% of control GNG PEP according to Fig. 6 ).
Absolute Rates of Flux-Alternatively, the anaplerotic flux ratio (anaplerosis/TCA cycle flux) as measured by NMR may not reflect a high anaplerotic and cataplerotic flux but rather low TCA cycle flux. This alternative explanation was tested by converting all relative flux values into absolute flux values by referencing them to glucose production (19) . The absolute TCA cycle flux values derived from 13 C NMR, 2 H NMR, and glucose production data are compared in Fig. 7 . TCA cycle flux estimated by the combined tracer experiments tended to be lower (p Ͻ 0.07) in LT fast controls (0.10 mol/min/g) versus ST fast controls (0.18 mol/min/g), opposite the trend reported by oxygen consumption in these same groups (Fig. 2) . Remarkably, TCA cycle flux in the PEPCK null livers was ϳ10-fold lower compared with controls in either nutritional state (Fig. 7) . Although oxygen consumption was lower in PEPCK null livers in both ST fast and LT fast states compared with controls, the magnitude of the difference was not as large as that measured for TCA cycle flux.
Of the cataplerotic flux from OAA to PEP, a portion is converted to glucose (GNG PEP ), and a portion is converted to pyruvate and then back into OAA by a process known as pyruvate cycling (see Fig. 1 ). By using a similar analysis as described above for TCA cycle flux, absolute pyruvate cycling flux was also determined. This flux was substantial in control livers after a ST fast (0.43 mol/min/g) and after a LT fast (0.20 mol/min/g) but was greatly reduced in PEPCK null livers in both nutritional states (0.01 and 0.005 mol/min/g, respectively). The ϳ40-fold reduced pyruvate cycling flux in PEPCK null livers is consistent with impaired total cataplerosis (Fig. 6 ) and TCA cycle activity (Fig. 7) in livers lacking PEPCK.
Mitochondrial Red-ox State-Perturbations of oxygen consumption, gluconeogenesis (30), ␤-oxidation, lipogenesis (10), and intermediate pool sizes (31) could all be related to changes in the cellular red-ox state of liver from PEPCK null mice. Because the cytosolic red-ox state was presumably clamped by the 10:1 lactate/pyruvate supplied in the perfusate in these experiments (see "Materials and Methods"), mitochondrial red-ox was measured using the ACAC:BHB redox pair (25) . Table I summarizes the tissue content of ACAC and BHB and the calculated mitochondrial NADH/NAD ϩ ratio. Remarkably, ACAC under LT fast conditions was reduced 5-fold in PEPCK null livers compared with controls, whereas BHB was unchanged, and this translates into a 5-fold increase in the NADH/NAD ϩ ratio in livers lacking PEPCK.
DISCUSSION
A global knock out of PEPCK in mice is lethal shortly after birth presumably because of insufficient glucose production from lactate/pyruvate/alanine during fasting (5). However, a liver-specific knock out of PEPCK is not lethal; such animals maintain euglycemia even after a 24-h fast apparently due to glucose production from other tissues (5, 6). Despite two prior studies that have explored the metabolic consequences resulting from the lack of PEPCK, many aspects of the phenotype of these mice are still a mystery. Indeed, these animals provide an experimental model that, when combined with the NMR tracer methodology, allows the consequences of altered hepatic energy balance to be further understood. In the current study, we explored the metabolic basis for the marked steatosis that occurs upon fasting in mice that lack hepatic PEPCK by using a preparation of isolated, perfused livers. We found that energy homeostasis is radically altered in livers lacking PEPCK as indicated by an abnormal mitochondrial hepatic red-ox state, increased TCA cycle intermediate pool sizes, reduced oxygen consumption, and a dramatically lower TCA cycle flux. These findings indicate that steatosis develops because of marked inhibition of fatty acid oxidation and that hepatic TCA cycle flux is an acutely sensitive interface for ␤-oxidation and gluconeogenesis.
Hepatic Glucose Production-PEPCK null livers maintain a relatively normal ability to produce glucose from glycogen and glycerol but have a severely limited ability to make glucose from TCA cycle cataplerosis. In the ST fasted state, the difference in glucose production between PEPCK null and control livers did not differ significantly. Glycogenolysis was identical in PEPCK null and control livers in the ST fasted state even though the glycogen content of PEPCK null livers has been reported to be lower (6) . This could reflect an enhanced glycogen phosphorylase state in the PEPCK null liver that may be necessary to help maintain normal glucose output in the ST fasted state. We Analysis of the C2 MAG or glutamate yields total anaplerosis from all pathways (assumed to be equal to total cataplerosis), pyruvate cycling (see Fig. 1 ), and output (the difference between cataplerosis and pyruvate cycling; usually considered gluconeogenesis). It is important to note that 13 C NMR isotopomer analysis, by itself, gives flux ratios that are relative to TCA cycle turnover and not absolute flux. Sustained output or gluconeogenesis relative to the TCA cycle, despite the absence of PEPCK and GNG PEP 13 C NMR spectra of glutamate from liver extracts display multiplets in the C2 region of both the control (left column) and PEPCK null (right column) samples. Multiplets are labeled to identify the spinspin coupling responsible for each signal. For instance, D12 is the doublet present when C1 and C2 (but not C3) are 13 Clabeled; D23 is the doublet present when C3 and C2 (but not C1) are 13 C-labeled, and Q is the "quartet" present when C1, C2, and C3 are all 13 C-labeled. The populations of these isotopomers are diagnostic of fluxes into and out of the TCA cycle and should yield the same results regardless of whether glucose C2 or glutamate C2 is analyzed because glucose carbons 1, 2, and 3 are equivalent to glutamate carbons 3, 2, and 1, respectively (assuming the same OAA pool is responsible for both). B, inspection of the entire 13 C NMR spectra of the liver tissue extract reveals increased concentrations of TCA cycle intermediates in the PEPCK null livers compared with controls.
showed previously (6) that PEPCK null livers perfused with 5 mM glycerol alone produce nearly four times as much glucose as control livers. However, in the present study, using more physiological levels of glycerol plus other substrates, glucose production from glycerol was either identical (LT fast ) or lower (ST fast ) in PEPCK null livers compared with controls. This suggests that the livers of mice lacking PEPCK do not compensate by producing more glucose from glycerol.
In the LT fasted state, glucose production is diminished by 50% in PEPCK null livers compared with controls (p Ͻ 0.05), in contrast to observations in vivo where glucose turnover did not differ between PEPCK null mice and littermate controls under LT fasted conditions (6) . Glucose production in the LT fasted state is completely supported by GNG glycerol in PEPCK null livers, whereas the control livers have about an equal contribution from GNG glycerol and GNG PEP . This again is in contrast to the in vivo experiment where 60% of total body glucose was derived from GNG PEP in the liver-specific PEPCK null mice. This, together with the diminished glucose production in PEPCK null livers, supports the existence of an extrahepatic source of glucose production in the intact animal.
Glyceroneogenesis and the PEPCK Null Liver-Glyceroneogenesis is often described as an "abbreviated" form of gluconeogenesis whereby the ultimate product is 3-glycerol phosphate rather than glucose (32) . Just as in gluconeogenesis, PEPCK is a key regulatory enzyme in glyceroneogenesis. As reviewed by Reshef et al. (32) , this process is necessary to support the triglyceride cycle, in which plasma free fatty acids are taken up by the liver and condensed with 3-glycerol phosphate to yield triglycerides. The importance of this cycle and its potential impact on hepatic cataplerosis are highlighted by reports that 75% of systemic free fatty acids are re-esterified and that the liver may account for most of this activity (32) . Moreover, during fasting it is reported that a majority of 3-glycerol phosphate used for triglyceride synthesis in the liver is derived from glyceroneogenesis despite the presence of both exogenous glycerol and hepatic glycerol kinase (33) . Thus, it is conceivable that a disruption in PEPCK activity might influence this cycle, resulting in perturbed hepatic lipid metabolism and steatosis. For instance, the role of PEPCK in glyceroneogenesis and the triglyceride cycle has been implicated as an important factor in the development of obesity and diabetes due to its influence on the storage and release of fatty acids (34) . The evidence suggests that, in adipocytes, increased PEPCK activity leads to increased triglyceride storage and decreased free fatty acid release (due to increased triglyceride re-synthesis), whereas decreased activity leads to lipoatrophy and high plasma free fatty acid levels (due to decreased triglyceride re-synthesis) (34) . Although glyceroneogenesis is clearly an important pathway in the liver, representing about 10% of the flux of gluconeogenesis (33), the effects of PEPCK expression on hepatic triglyceride metabolism seem less predictable than in the adipocyte. For example, mice overexpressing PEPCK 2-fold in the liver show little difference in plasma free fatty acid levels, plasma triglycerides, or hepatic triglycerides compared with littermate controls after a 6-h fast (3) . Yet in the liver-specific PEPCK null mice studied here, there are dramatic increases in hepatic triglycerides (100%), plasma free fatty acids (60%), and plasma triglyceride levels (34%) after a 24-h fast (5) . It has been suggested that altered hepatic lipid metabolism in the PEPCK null mice may stem from a loss of glyceroneogenesis and interruption of the triglyceride cycle (34, 35) . Although increased triglyceride accumulation in the face of abolished PEPCK appears to be opposite the observations in adipocytes (34) , the number of metabolic pathways that interact with anaplerosis and cataplerosis is much greater in the liver than in the adipocyte. The current data offer little to support or challenge the role of glyceroneogenesis and the triglyceride cycle in the development of hepatic steatosis in these animals but rather suggest that a substantial alteration in hepatic energy homeostasis may be responsible.
Energy Homeostasis in the PEPCK Null Liver-Although the role of PEPCK in the intermediary metabolism of gluconeogenesis is well established, the data reported here clearly support a broader role of PEPCK in energy homeostasis via cataplerosis, which might include contributions to both gluconeogenesis and glyceroneogenesis. Livers lacking PEPCK display an abnormal energy homeostasis as follows: 1) a modest decrease in oxygen consumption, 2) an altered mitochondrial red-ox state, and 3) a 10-fold decrease in TCA cycle flux. The 5-fold increase in BHB/ACAC in PEPCK null livers reflects a 5-fold increase in the NADH/NAD ϩ ratio in the mitochondria of these livers. Similar changes in mitochondrial red-ox state have been implicated in other models of hepatic steatosis (36) . A high level of mitochondrial NADH is known to inhibit ␤-oxidation (8) and TCA cycle flux (37) and stimulate triacylglycerol formation (36) . Overproduction of NADH may be related to an absence of PEPCK in three possible ways. First, the normally very active, NADH-consuming, glyceraldehyde-3-phosphate dehydrogenase reaction has little importance in the PEPCK null liver because PEPCK is not actively feeding triose units into gluconeogenesis. Second, the normal demand for ATP/GTP required to convert OAA into PEP is absent, so there is less energy demand to drive ATP synthesis in the PEPCK null liver. Third, gluconeogenesis from glycerol, which is maintained in the PEPCK null liver, generates excess cytosolic NADH, and this exacerbates the reduced energy needs of the PEPCK null liver. A direct consequence of a highly reduced mitochondrial red-ox state is that all NADH-producing steps in the TCA cycle are inhibited. This is reflected by the dramatically reduced TCA cycle flux observed here by using combined glucose production rates and 2 H and 13 C tracers. In addition to NADH/NAD, TCA cycle activity is also controlled by the concentration of cycle intermediates. For instance, citrate and succinyl-CoA are known to inhibit citrate synthase and ␣-ketoglutarate dehydrogenase (37), whereas oxaloacetate allosterically inhibits isocitrate dehydrogenase. Earlier we reported (5) a 10-fold increase in hepatic malate concentrations in these mice, and during the course of the current experiments we noted a similar increase in many other TCA cycle intermediates as detected by 13 C NMR of the liver extracts (Fig. 5B) . The impact of PEPCK on the concentration of TCA cycle intermediates is a direct reflection of its importance as a cataplerotic pathway. Under steady-state conditions anaplerosis and cataplerosis must always be balanced to maintain constant levels of TCA cycle intermediates (38) . With the loss of PEPCK, the most important cataplerotic pathway in the liver, cycle intermediates accumulate because export of OAA is blocked. The resultant increase in TCA cycle intermediate concentration causes product and allosteric inhibition of cycle activity and fatty acid oxidation.
One additional interesting observation was that the decrease in oxygen consumption in livers lacking PEPCK does not seem to parallel the reduction in TCA cycle activity. Oxygen consumption in the PEPCK null liver is certainly lower than control livers in both nutritional states but not to the extent predicted by the reduction in TCA cycle flux. However, it should be noted that ϳ20% of hepatic oxygen consumption may result from other oxygen-consuming reactions not linked to oxidative phosphorylation, as evidenced by the fact that hepatic oxygen consumption decreases only ϳ80% upon the addition of potassium cyanide to a perfused rat liver (39) . Thus, one should not expect that the demand for residual oxygen consumption in a PEPCK null liver would be necessarily less than in control livers because a disproportionate amount of oxygen consumption in liver is due to reactions not linked to NADH disposal.
Oxidative phosphorylation couples the transfer of electrons from NADH to oxygen with the associated production of ATP, but the NADH need not originate from the reactions of the TCA cycle. For example, ␤-oxidation coupled to the export of ketones generates mitochondrial NADH without involving the reactions of the TCA cycle. Upon removal of all substrates from perfusion buffer of perfused rat livers, oxygen consumption falls only 33% (40) , yet other parameters of metabolic activity can fall by as much as 80% of basal activity (41) . Here we observe a 90 and 70% decrease in the TCA cycle activity in ST fasted and LT fasted PEPCK null livers compared with controls, whereas oxygen consumption decreased by 50 and 20% respectively. Because ketone production in the perfused rat liver is known to vary between 0.17 and 0.60 mol/min/g (converted from dry weight in Ref. 42 ), under conditions similar to those used here, we anticipate that oxygen consumption reflects a combination of TCA cycle activity and ketogenesis. Although decreased oxygen consumption indicates that both lipid oxidation and TCA cycle flux is impaired in the PEPCK null livers, TCA cycle flux appears to be exquisitely sensitive to impaired gluconeogenesis.
These data suggest that hepatic steatosis in the PEPCK null liver results from decreased lipid oxidation rather than increased de novo lipogenesis. This is also supported by the observation that pyruvate cycling is greatly reduced in the PEPCK null liver. Pyruvate cycling (Fig. 1) refers to any pathway involving combined carboxylation/decarboxylation of pyruvate. The two most common examples include pyruvate 3 OAA 3 PEP 3 pyruvate (PC ϩ PEPCK ϩ PK) or pyruvate 3 OAA 3 malate 3 pyruvate (PC ϩ malate dehydrogenase ϩ malic enzyme). The first pathway cannot exist in PEPCK null livers, but the second pathway could be of particular importance in these livers. Lipid biosynthesis in the liver involves transport of excess acetyl-CoA to the cytosol via citrate where it is cleaved by ATP-citrate lyase to acetyl-CoA and OAA. AcetylCoA can then be used for lipogenesis, and OAA must take a circuitous route back to the mitochondrial TCA cycle. OAA is converted first into malate (via malate dehydrogenase) and then pyruvate (via the malic enzyme), which then returns to the mitochondria before its conversion back to OAA by pyruvate carboxylase (37) . This pathway links lipogenesis with pyruvate cycling and cannot be distinguished from the pyruvate cycling pathway involving PEPCK. Of the 14 NADPH molecules required for palmatate synthesis, 8 can be generated by the malic enzyme in converting excess malate into pyruvate (37) . The fact that we see little pyruvate cycling activity in the PEPCK null liver suggests that lipogenesis is not an important mechanism in producing steatosis in these livers. One cannot, however, rule out participation of the pentose phosphate pathway in generation of NADPH for lipogenesis in these livers.
Validation of the Deuterated Water Method-The deuterated water method for the analysis of gluconeogenesis takes advantage of hydrogen exchange at known enzymatic steps along the pathway toward glucose production. In its simplest form, the method uses the glucose H2/H5 deuterium enrichment ratio to evaluate glycogenolysis versus total gluconeogenesis as sources of glucose production (21, 23) . The method has been used under a variety conditions, including diabetes and obesity (43) in children (44) and premature infants (45). Additionally, the 2 H NMR method offers a convenient method to differentiate further the contributions of glycerol and TCA cycle intermediates to gluconeogenesis by detecting 2 H enrichment at H 6S (incorporated at the level of fumarase) versus H 5 (incorporated at the level of triose-phosphate isomerase) (17, 19) . This valuable method of quantitating glycerol contribution to gluconeogenesis has largely been overlooked, in part because its contribution is considered small in normal humans (17) and in rats (19, 46) but also because there has been no good way to validate the method. We now know that the contribution of glycerol to gluconeogenesis is actually quite high in the mouse (20 -30%) (6) and abnormally high in lipodystrophic patients on human immunodeficiency virus therapy (47) . The PEPCK null liver offers a unique opportunity to validate the method because here the liver is largely incapable of generating glucose from TCA cycle intermediates. Indeed, glucose generated by these isolated livers has very little 2 H enrichment at the H6 positions (Fig. 4) , confirming for the first time that H5 and H6 are differentially enriched during the 2 H 2 O experiment according to gluconeogenic contributions from glycerol and TCA cycle intermediates, respectively.
Technical Considerations-The methodology employed here couples the deuterated water method with conventional 13 C NMR isotopomer analysis. Most of the standard assumptions have already been detailed (17, 21, 23, 24) , but it is worth mentioning a few here. First, in order to couple the TCA cycle and pyruvate cycle activities with glucose production, it is assumed that anaplerotic influx into the TCA cycle is equally balanced by a cataplerotic flux. Normally in liver, this cataplerotic flux is considered equal to gluconeogenic flux, but in livers lacking PEPCK, this might represent some other pathway. The only other 13 C-enriched metabolites identified in the perfusate in these experiments were glutamine and lactate, but their amount was small and no different from the control livers. Second, the small (5%) contribution of PEP to glucose production in PEPCK null liver was estimated by measuring the areas of small H6 R peaks in the 2 H NMR spectrum (Fig. 4) . This 5% estimate is consistent with the known mitochondrial PEPCK content of mouse liver (roughly 2%). Even though the error associated with measuring the areas of such small resonances can be large, we estimate that it translates into an error in our metabolic flux measurements of no more than 20%. Even with this level of error, it is clear that TCA cycle flux and pyruvate cycle flux are both significantly lower in livers lacking PEPCK.
Conclusions-The metabolic consequences of eliminating PEPCK from liver are in many ways predictable, yet the impact of this genetic manipulation on energy homeostasis in liver was largely unanticipated. Livers lacking PEPCK continue to produce glucose from other substrates but during long term fasting cannot compensate by using glycerol as the sole gluconeogenic precursor. Removal of the energy-demanding PEPCK pathway results in an increase in mitochondrial red-ox state and dramatic inhibition of the TCA cycle. This results in reduced oxidation of fats via ␤-oxidation, less production of ketones, and subsequent hepatic steatosis. The isolated perfused liver model also provided a unique opportunity to validate one aspect of the 2 H NMR method, i.e. that 2 H enrichment at H6 accurately reflects gluconeogenesis from the level of the TCA cycle. The combined 2 H and 13 C tracer methods verified that livers lacking PEPCK cannot generate glucose from TCA cycle precursors, provided an upper limit for flux from glycerol to glucose, and provided unique insights into metabolic relationships between TCA cycle flux and glucose production in liver.
